ABSTRACT In this paper, a security screening imaging method for walking human with single channel synthetic aperture radar (SAR) technology is proposed. According to the theory of SAR imaging, the imaging response for each single echo of the three dimensional (3D) moving target is analyzed. Then, the relationships between the accurate degree of imaging result and radar system parameters are presented with the global human walking model, which can be summarized as: positive correlations with radar angular velocity and rotation radius, negative correlations with aperture time and motion velocity, and uncertainty with radar initial angle. Hence, the short synthetic aperture time and high-resolution of terahertz (THz) radar makes it particularly suitable for walking human security imaging. Meanwhile, the main Doppler frequency shift of walking human imaging is corrected by the back-projection (BP) algorithm modified with the estimated velocity detected by the range profile. Besides, the numerical simulation experiments of point targets are provided to verify the conclusion of moving target imaging response. Furthermore, the experiments of walking human are processed with different radar system parameters to demonstrate the performance and effectiveness of our method.
I. INTRODUCTION
Nowdays, with the increase of terrorist attacks, security screening technology gains great attention. Hence, highresolution radar imaging for concealed weapon detection of pubic area has been a focus research topic thanks to the development of millimeter wave (MMW) and terahertz (THz) radar technology, which can penetrate clothing and package without ionizing radiation harm to human body [1] , [2] . Many institutions and researchers have researched on this issue in recent years. For a typical example, Pacific Northwest National Laboratory (PNNL) designed an MMW security screening system named SafeView (L-3), which has been widely applied in airports for concealed weapon detection of static stand human body [3] , [4] . Besides, PNNL proposed
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a THz security screening system as well for three dimensional (3D) imaging of static human body [5] , [6] . Moreover, Jet Propulsion Laboratory proposed a point-by-point scanning THz security screening system [7] , [8] . Furthermore, Microsystem and Terahertz Research Center of China Academy of Engineering Physics proposed a sparse array THz security screening system to obtain a 3D image of static human body [9] , [10] , and so on.
Nevertheless, most of the aforementioned security screening systems are designed for static stand human body, which can not satisfy the needs of effective screening in densely populated areas. To figure this out, we proposed a security imaging method for multiple human targets screening with adaptively scene segmentation [11] . Besides, Rohde&Schwarz designed a walk through security screening system with massive multiple-input and multiple-output technology in a planer array, which can screen the passenger while passing the imaging system [12] , [13] . Furthermore, Remote Sensing Laboratory of Bauman Moscow State Technical University designed a security imaging system, which has two linear antenna arrays and two time-of-flight cameras (TOF-camera), for walking human screening with inverse synthetic aperture radar (ISAR) technology [14] , [15] . Nevertheless, the high cost of a large amount of antennas makes them too expensive to be widely applied. Hence, it is necessary to conduct a study on security imaging for walking human screening with single channel synthetic aperture radar (SAR).
There are a lot research about SAR imaging theory for moving target [16] - [22] . Most of them focus on the ground moving targets, which are the simple two dimensional (2D) rigid motion targets. However, the motion of walking human is a complex non-rigid motion, which can be decomposed into several types for different body parts [23] . Hence, the SAR imaging theory for a traditional 2D moving target is not unsuitable for walking human. Besides, due to the arbitrariness of human walking, it is impossible to improve the imaging quality with the increase of the synthetic aperture. Furthermore, according to the SAR imaging theory of moving target [24] , [25] , the shift caused by Doppler frequency and blur caused by the motion trail over synthetic aperture time will occur in the imaging result. Hence, the image quality of walking human can not be improved with long synthetic aperture. Fortunately, the resolution can be improved by wide bandwidth within the same aperture [24] , [26] . Thanks to the development of THz technology, the THz radar needs less synthetic aperture to obtain the same imaging resolution as traditional frequency band SAR [27] - [30] .
With our previous research of THz security imaging in [11] , the signal to noise ration play a negligible role for security imaging with our THz radar system, which means that the THz SAR imaging is feasible for security screening. In this paper, a single channel synthetic aperture radar (SAR) imaging method for walking human security screening is proposed. The radar system is designed as a circular spotlight platform. According to the theory of back-projection (BP) algorithm [31] , the image response of 3D moving target, which is assumed as a linear motion in a pulse repetition time (PRT), for each echo is deduced. With the expression of imaging response, three guides for the design of walking human security imaging system are given: 1) reduce the difference of Doppler shifts for different body parts. 2) reduce the variances of shifts over aperture time. 3) satisfy the moving target focusing condition. Then, based on the global human walking model, we analyze the relationship between the accuracy of security imaging result and system parameters, which can be summarized as: positive correlations with radar angular velocity and rotation radius, negative correlations with aperture time and motion velocity, and uncertainty with radar initial angle. Meanwhile, the resolutions are positive correlations with aperture time and bandwidth. Fortunately, THz radar only needs a very short aperture radar time to obtain a high-resolution image thanks to its wide bandwidth, which means that less Doppler shift and blur occur in the THz imaging result of walking human. Moreover, based on the assumption that the base motion of walking human is a rigid movement in a short time, we propose a correction method for main Doppler shift of walking human imaging with modified BP algorithm.
The rest of this paper is organized as follows. The system geometric and signal mathematic model are given in Section II. The SAR imaging response of a moving target is introduced in Section III. The relationships between radar system parameters and walking human imaging results are analyzed in Section IV. The main Doppler shift correction method is described in Section V. The simulation results of moving point targets are shown in Section VI. The experiments of walking human with different radar parameters are designed and analyzed in Section VII. Lastly, the conclusion is given in Section VIII.
II. SAR IMAGING SYSTEM AND SIGNAL MODEL
The Imaging geometry relationship between spotlight radar platform and human target is shown in Fig.1 , where the radar is moving along the circular platform with radius R to synthetic aperture. P a (t) and P(t) denote the position vectors of radar and point target P at the slow time t, respectively. In addition, R r (t) is the range from radar to target, i.e., R r (t) = | P a (t) − P(t)|.
In this system, the linear frequency modulation (LFM) signal is adopted to get a large time-bandwidth product. Hence, ignoring the propagation attenuation, the echo data of point P can be derived as
wheret denotes the fast time (the time domain of pulse duration), rect [·] is the rectangular function, δ p is the scattering coefficient of point P, c is signal propagation velocity, T p is the pulse width of signal, f c is the center frequency, and γ is the chirp rate of the signal. After dechirping and fast Fourier transform (FFT) operation, the echo in different frequency domain f i can be formulated as:
where sinc [·] is the frequency response function of rect
III. SAR IMAGING THEORY OF 3D MOVING TARGET
According to the theory of SAR imaging [24] , the imaging result depends on the echo collected during the synthetic aperture time[t 0 , t 1 ]. Thanks to the accuracy of the imaging result, back-projection algorithm [31] is adopted to analyze the image response of the moving target. Hence, the imaging result can be formulated as
where p is the position vector of a point in image,
The first item of (4) is the main factor for imaging. For the traditional static target SAR imaging, the peak of sinc [·] would be accumulated at the point P with the echo collected during synthetic aperture time. Hence, the more synthetic aperture time means better resolution for the static target. Whereas, for a moving target, the peak can not be accumulated at one point, which means that the blur will occur in the imaging result. The second item of (4) is the Doppler phase item, whose first-order and second-order derivatives are the Doppler frequency and Doppler frequency rate. Compared to the static target, the motion of moving target will cause an extra Doppler frequency component, that results in a Doppler shift in the imaging result of moving target, i.e., the imaging position p will offset the real position P(t). The last two items of (4) are the echo envelope and remaining video phase items, both of that are hardly affected the imaging result.
According to the theory of SAR imaging, the imaging result of the moving target is determined by the intersection of the Doppler isodop and iso-range contour defined as
Note that, the maximization of O( p) will occur at the intersection of (5) and (6), which is sliding over synthetic aperture time. Hence, the imaging position p of moving target will be migrated. For the security screening, the imaging results usually are displayed in a two-dimensional(2D) picture. Assuming that the 2D imaging plane is defined as
However, the intersection may not occur in the plane z = h z . In this case, the quadratic phase of the second item of (4) caused by Doppler frequency change rate will broaden the main lobe of sinc [·] and cause a severe defocus in the imaging plane. Substituting the expansions of vectors into (5) and (6), the Doppler isodop and iso-range contour can be rewritten as
with
where P a (t) = [P ax (t), P ay (t), P az (t)] T and P (t) are the derivatives of P a (t) and P(t) with respect to time, · denotes the inner product of vector. Therefore, the imaging response at time t can be calculated as
where
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Especially, when A = 0, the imaging response position can be recalculated as
where P a (t) = [P ax (t), P ay (t), P az (t)] T , and the focusing condition becomes
IV. ANALYSIS OF WALKING HUMAN SECURITY IMAGING A. RESOLUTION OF THE PROPOSED IMAGING MODEL
Resolution is a significant ability of SAR imaging to distinguish adjacent scatter points. Primarily for security screening, it will directly affect its ability of detection and recognition. However, as a near field imaging, the hypothesis of plane wave decomposition, which is the extension of Born approximation [32] , can not be adopted for security imaging analysis. Hence, it is difficult to obtain an analytical resolution expression of security imaging. According to [24] , a viable way is through numerical methods. For a static scatter point located at (x, y, z), its resolutions are determined by the target wavenumber support k x , k y domain given by
is the radial wavenumber along the line of sight, (P ax (t), P ay (t)) is the radar position at time t. For a far-field scenario, k x , k y can be approximate to
For a rotation aperture, the theoretical imaging resolutions can be approximated to
It is obvious that the resolutions of the proposed imaging method are proportion to bandwidth of B. Meanwhile, it can be improved with the increase of the synthetic aperture. 
B. ANALYSIS OF WALKING HUMAN MOTION
Based on the research in [23] , human walking is a complex non-rigid movement, which can be decomposed into several types for different body parts shown as Fig.2 . For example, the movement of the left hand has five components: 1) Base motion, i.e., the base movement of the whole body; 2) Upper body motion, i.e., the torsion of thorax; 3) Left shoulder motion; 4) Left elbow motion; 5) Its flexing movement. The complex non-rigid movement will cause a lot of blur in SAR imaging result over synthetic aperture time due to the time-variable Doppler frequency shift and migration. Therefore, long synthetic aperture imaging can not be applied to walking human security screening, which means that the imaging resolution for walking human can not be improved by long synthetic aperture as traditional SAR imaging.
Fortunately, according to (16) , the azimuth and range resolutions can be improved by higher carrier frequency and wider bandwidth, respectively, within the same aperture. Thanks to the development of THz technology, the THz radar needs less synthetic aperture to obtain the same imaging resolution as traditional frequency band SAR, which means that less blur will occur in security screening imaging result of walking human.
When the aperture time interval is short enough, the motions of walking human body parts can be assumed as linear rigid movements. Hence, in a short aperture time interval, the position vector of a human body part target can be assumed as
where P 0 is the position vector of target at the time t 0 , v p is the approximate velocity vector of target's movement over time
To analyze the velocity of human motion, a simulation based on the research in [23] is conducted with the parameters shown in Table 1 . The simulation results of the maximum velocity for each body parts are shown in Table 2 .
Obviously, for the human torso, the maximum velocities for different parts are similar. Unfortunately, the movements of hand, knee, ankle and toe are intense compared with torso's, which means that the imaging results of those parts will be more blur.
C. ANALYSIS OF MOVING TARGET IMAGING RESULT WITH SYSTEM PARAMETERS
According to (8) , (9) , and (10), the imaging response of moving target is subject to various factors, such as the imaging geometry relationship between radar and target, the radar velocity, and the target velocity. With the system geometry relationship shown in Fig.1 , the position vector of radar can be expanded as
where θ 0 is the azimuth angle of radar at the time t 0 , ω is the angular velocity of radar. Hence, according to (11), the focusing condition for our imaging system geometry at the time t can be given in
Note that when the focusing condition is fulfilled, there would be two intersection results of moving target in the imaging plane according to (9) and (12) . The farther one is a false imaging result, that should be eliminated. Besides, due to the complicated factor given in (8) , it is difficult to quantitatively analyze the moving target imaging response via an analytic expression. Here, the qualitative graphical analysis method is adopted with control variate. Considering the practical condition of security screening, the default parameters of signal and imaging system model are listed in TABLE 3 to simplify the analysis of imaging result. The default positions and velocities of moving targets are given in TABLE 4 based on the maximum velocities shown in TABLE 2. With these default parameters, the means and variances of the shift from real imaging response to target initial position, i.e., p x (t) = p x (t) − x 0 and p y (t) = p y (t) − y 0 , are provided with the variations of radar system parameters θ 0 , [t 0 , t 1 ], R, ω, and human motion velocity v p in Fig.3 , where the blue line denotes target 1 (base), the black line denotes target 2 (shoulder), the red line denotes target 3 (hand), the cyan line denotes target 4 (knee), and the magenta line denotes target 5 (ankle).
In Fig.3 , the mean curves of p x (t) and p y (t) denote the shift from imaging response position to initial position of moving target. For different human body part targets, the difference of shifts will cause a geometric deformation in human security imaging result. Besides, the variance curves of p x (t) and p y (t) denote the degree of blur of moving target imaging results caused by the response difference over aperture time [t 0 , t 1 ]. Furthermore, due to the moving target imaging focusing condition, some curves are intermittent. Especially for the target of ankle, it has the maximum velocity of the human body. Hence, to avoid the deformation, blur, and defocus affect fast security screening, the walking human security imaging system should follow three guides: 1) reduce the difference of Doppler shifts for different body parts. 2) reduce the variances of Doppler shifts over aperture time.
3) satisfy the moving target focusing condition formulated as (19) .
For the variable of initial angle θ 0 , the mean curves of p x (t) and p y (t) are approximate to sines and cosines, and the variances are tiny, expect the knee and ankle target. Hence, it is necessary to select a suitable initial angle to avoid the defocus in security imaging result. For the variable of aperture time [t 0 , t 1 ], the mean curves of p x (t) and p y (t) are approximate to linear. Meanwhile, the variances are increasing rapidly with aperture time. It means that the less aperture time is, the less blur occurs in the imaging result. Whereas, the less aperture time means the lower resolutions based on the formulations shown as (14) and (16) . For the variable of radar angular velocity ω and rotation radius R, the means and variances both are monotone decreasing. Similar to the aperture time, the longer the rotation radius, the lower the resolutions. For the variable of human motion velocity v p , the means and variances are monotone increasing and limited by the focusing condition, which can be improved with the augment of R or w according to (19) .
Hence, the relationship between the accurate degree of walking human imaging result and radar system parameters can be summarized as: positive correlations with radar angular velocity ω and rotation radius R; negative correlations with aperture time [t 0 , t 1 ] and motion velocity v p ; and uncertainty with radar initial angle θ 0 . Whereas, the resolutions are positive correlation with aperture time [t 0 , t 1 ] and negative correlation with rotation radius R. Fortunately, resolutions can be improved with wider bandwidth of the signal, both of that are uncorrelated with the three requirements above. Consequently, with the THz or MMW band, the proposed imaging method is feasible for walking human security screening over a short synthetic aperture time. Moreover, the imaging quality can be improved with the increase of radar angular velocity.
V. IMAGING OF WALKING HUMAN WITH MAIN DOPPLER SHIFT CORRECTION
The complex non-rigid movement of walking human will cause a lot of blur in SAR imaging result over synthetic aperture time due to the time-variable Doppler frequency shift and migration. Fortunately, the security imaging for walking human only need a short synthetic aperture time thanks to the THz technology. It means that the velocity of the human torso can be assumed as a constant v pa = (v xa , v ya , v za ), which causes the main Doppler shift of walking human.
Hence, the position of human base can be given in (v xa t, v ya t, v za t + h z ), which can be approximate to (0, 0, v za t+h z ) for a short synthetic aperture time according to the velocity analysis in TABLE 2. Then, the difference range of walking human base can be expressed as
where P a (t) is given in (18). According to the second-order Taylor expansion, the difference range can be reformulated as
where R T = (2h z v za t + (v za t) 2 )/ R 2 + h 2 z , which can be approximate to R T = (2h z v za t)/( R 2 + h 2 z ) for the short synthetic aperture time. Hence, the difference range can be approximate to R r (t) ≈ h z v za t/ R 2 + h 2 z , which can be detected in the range profile of the echo signal based on the phase history given in (2) .
Substituting the detected velocity v za in BP algorithm into (3), the main Doppler shift can be corrected.
VI. EXPERIMENT AND ANALYSIS OF MOVING POINT TARGET IMAGING
In this section, the moving point target simulation experiments are conducted to demonstrate the imaging response of the moving target. The experiments system parameters are shown in TABLE 3, and target parameters are shown as the parameters of the base target in TABLE 4. The imaging results are shown in Fig.4 , where the blue, red, green, cyan and black curves are corresponding to the calculated positions of target1, target2, target3, target4 and target5, whose real initial positions are marked by triangles. In Fig.4(a) , all the targets have their imaging responses own to that the radar system and target parameters satisfy the focusing condition expressed as (19) . There are two imaging results in Fig.4(a) , which are with respect to the derivations expressed as (9) and (12) . The farther one is the false mirror image to radar aperture. The near one, which is marked by the red frame and enlarged in Fig.4(b) , is that we concern. With Fig.4(b) , the calculated positions are identical with the imaging result that verifies the derivations.
However, the imaging responses are shifted and migrated to the real initial positions due to the Doppler shift. Meanwhile, the imaging response draws a curve over synthetic aperture time rather than a point, especially for the fast target. Because the fast one has a longer motion trace in the same aperture time, which means the position of the fast target has moving longer than the low-velocity case. Synthetic aperture radar imaging is the reaction of the target position. Hence, the imaging qualities of moving target will be inferior to the static one as Fig.6(a) and Fig.6(b) shown, where the imaging result is shifted from the initial position.
According to the conclusion in Section V, we gain the estimated velocity of target 1 as v za = 0.928 m/s by the range profile shown as Fig.5 . With the estimated velocity, we modify the BP algorithm for moving target imaging. Via the modified algorithm, the corrected result is shown as Fig.6(c) , where the imaging result is precisely in the initial position and the response curve is shorter than the curve in Fig.6(c) . Besides, the imaging qualities of our method and the BP algorithm without correction are shown in TABLE 5. Therefore, the proposed correction method can offset the Doppler shift and improve the image quality of the moving target imaging result.
VII. EXPERIMENT AND ANALYSIS OF WALKING HUMAN SECURITY IMAGING A. EXPERIMENT AND ANALYSIS OF WALKING HUMAN WITH RADAR SYSTEM PARAMETERS
In this subsection, the experiments are conducted with different radar system parameters to demonstrate the consequence of walking human security imaging.
The walking human target with two pistols located in the abdomen and left thigh is shown in Fig.7 , which is moving as the global human walking model [23] along the z-axis direction. The experiments are conducted in MATLAB 2016.b with the PC platform, which has the (Inter Core i5-6500)*4 CPU and 64G RAM. The BP imaging algorithm is adopted for imaging processing. Thanks to the short synthetic aperture time, the run time of imaging processing is on the order of seconds. With the radar system parameters shown as TABLE 3, the imaging results via different radar initial angles are shown in Fig.8 , where θ 0 = 0, π/6, π/3, π/2 rad, respectively. With different radar initial angles, the imaging results are different.
Especially for the calf and foot parts, the imaging results are defocused and shifted a lot due to the velocities of these parts, which can not meet the focus condition expressed as (19) with the default radar parameters. The imaging result with different radar rotation angular velocities ω = π/8, π/4, π/2 rad/s are described in Fig.8 , Fig.9, and Fig.10 , respectively. Comparing Fig.8 with Fig.9 and Fig.10 , it is obvious that the imaging results have been improved a lot by the increase of radar rotation velocity with the same radar system geometry and synthetic aperture time. In Fig.10 , the imaging results are more similar to the real walking human model. The primary difference between Fig.10 (a), (b) , (c), and (d) is caused by the radar incident angle and overlay effect. Besides, there are some image tails of calf and foot in Fig.10 due to the real motion track over synthetic aperture time.
To compare the difference between MMW and THz radar security imaging, the signal center frequency and bandwidth are modified as f c = 94 GHz and B = 10 GHz with that the other radar system parameters are same as Fig.10 (a) . The security imaging result of MMW radar and THz radar are shown in Fig.11 and Fig.12 , respectively. Comparing with Fig.11 , it is easier to detect and recognize the pistols in Fig.12 thanks to the higher resolution of THz radar, although the Fig.11 present stronger diffraction due to the main lobe amplitude descending and its width broadening.
B. EXPERIMENT OF MAIN DOPPLER SHIFT CORRECTION FOR WALKING HUMAN IMAGING
Based on the above subsection experiments, all the imaging results have different Doppler shifts to the real position. In Section V, a correction method is proposed to figure this out. The experiment data of Fig.10(a) are processed. After an FFT in the fast time domain, the range profile can be obtained as Fig.13 shown.
Due to the human body is a range extension target, the range profile has a certain length. Besides, there are two bright lines in the range profile due to the fact that the scattering coefficient of the pistol is higher than the human body. Here, the image binarization processing is applied to reduce the effect of the scattering coefficient. Then, the binarization image of the range profile is shown in Fig.14 .
Besides, the centroid of binary range profile is adopted with least square method to estimated the velocity v za as Fig.15 expressed.
With the fitting curve, v za can be estimated as v za = 1.061 m/s. Then, the corrected imaging result can be gained as Fig.16(a) shown. Similarly, with the estimated v za = 0.315 m/s, v za = 0.691 m/s, and v za = 0.835 m/s, the other corrected imaging results of Fig.10 are shown in Fig.16(b) , (c) and (d). Comparing with the previous image results, it is easy to tell that the proposed correction method can eliminate the main Doppler shift.
VIII. CONCLUSION
In this paper, we analyze the security imaging method for walking human screening with main Doppler shift correction based on single channel THz SAR imaging theory. First, we deduce the image response of the moving target for each single echo according to the theory of BP algorithm. With the expression of imaging response, we analyze the relationship between the accurate degree of human security imaging result and system parameters based on the global human walking model, which can be summarized as: positive correlations with radar angular velocity and rotation radius, negative correlations with aperture time and motion velocity, and uncertainty with radar initial angle. Besides, we provide three guides for the design of walking human security imaging system :1) reduce the difference of Doppler shifts for different body parts. 2) reduce the variances of shifts over aperture time. 3) satisfy the moving target focusing condition formulated as (19) . Moreover, we propose a correction method for the main Doppler shift of walking human imaging with a modified BP algorithm. Based on the experiment and simulation results, we demonstrate the validity of the proposed method.
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